Highly sensitive fiber-optic ammonia gas sensors were fabricated via layer-by-layer deposition of poly(diallyldimethylammonium chloride) (PDDA) and tetrakis(4-sulfophenyl)porphine (TSPP) onto the surface of the core of a hard-clad multimode fibre that was stripped of its polymer cladding. The effects of film thickness, length of sensing area, and depth of evanescent wave penetration were investigated to clearly understand the sensor performance. The sensitivity of the fiber-optic sensor to ammonia was linear in the concentration range of 0.5-50 ppm and the response and recovery times were less than 3 min, with a limit of detection of 0.5 ppm, when a ten-cycle PDDA/TSPP film was assembled on the surface of the core along a 1 cm-long stripped section of the fiber. The sensor's response towards ammonia was also checked under different relative humidity conditions and a simple statistical data treatment approach, principal component analysis, demonstrated the feasibility of ammonia sensing in environmental relative humidity ranging from dry 7% to highly saturated 80%. Penetration depths of the evanescent wave for the optimal sensor configuration were estimated to be 30 and Please refer to any applicable publisher terms of use.
Introduction
Fiber-optic sensing techniques have attracted a great deal of attention in a variety of analytical areas such as chemical and biological sensing [1, 2] , environmental monitoring [3] , and medical diagnostics [4] . In general, the capabilities of the sensing platforms are well-understood, and it is the availability of appropriate functional coatings thatis considered to be the key factor in providing the amplification of the sensitivity and selectivity of sensors towards target analytes that is required for the development of efficient fiber-optic sensors.
The creation and development of sensitive materials that can be provide measurable perturbation of the optical signals will expand the application area of fiber-optic sensors. The following characteristics are generally required for the fabrication of sensitive and selective fiber-optic sensors [5] : transparent in appropriate spectral ranges, specific optical changes under the influence of chemical species, fast and reversible response, wide dynamic range, easy immobilization and cheap manufacturing.
Various coating techniques, such as dip-and spin-coating [6, 7] , layer-by-layer (LbL) deposition or electrostatic self-assembly [8] , Langmuir-Blodgett deposition [9] and chemical and physical vapour deposition [10, 11] have been employed for functionalization of optical fibers. Among these techniques, the LbL technique, which is based on the alternate adsorption of polycations and polyanions onto solid substrates [12] [13] [14] , has been shown to a powerful surface modification method. This alternate deposition technique is still expanding its potential because of its 3 versatility and convenience for the fabrication of nanoassembled thin layers employing various organic and inorganic materials.
Ammonia is one of the major metabolic compounds and the importance of its sensitive detection has been emphasized recently because of its correlation with specific diseases [15] [16] [17] [18] [19] [20] [21] [22] . At normal physiological conditions, ammonia can be expelled from the slightly alkaline blood and emanated through the skin or exhaled with the breath. Dysfunction in the kidney or liver that converts ammonia to urea can result in the increase of the ammonia concentration in breath or urine.
Consequently, the detection of the ammonia present in breath or urine can be used for the early diagnostics of liver or stomach diseases [16] . The development of sensor devices for measuring ammonia with a sensitivity of 50-2000 ppb and with a fast response time is highly desired [15] .
Conventional methods for ammonia detection are based mainly on gas chromatography-mass spectrometry (GC-MS) [16] , which, despite its high selectivity and sensitivity, is expensive and time-consuming and requires a well-trained operator. In particular, it is known that real sample measurements must be conducted at high relative humidity (RH) levels (> 90%) [15] . Cheap, small, sensitive, and reliable sensor devices that can efficiently operate at different RH levels could facilitate the creation of point-of-care medical systems that could be used in daily life.
In this regard, optical fibre sensors provide an excellent platform for the development of low cost, small sensitive and reliable ammonia sensors. In the past decades various fibre optic sensing platforms utilising different sensitive layers have been used to develop ammonia sensors. The first-reported fibre optic ammonia sensor, proposed by Wolfbeis, employed the measurement of fluorescence from a pH indicator solution [23] . Since then, a range of optical fibre-based ammonia sensors have been reported, including lossy mode resonances [24] , evanescent wave spectroscopy [25, 26, 27] , end-reflection, where the sensing 4 element is at the tip of the fibre, [28, 29] and in-fibre gratings [30] . Generally, the sensitivity of these devices ranged from 10s to 100s of ppm. Table 1 summarizes the parameters of a selection of the ammonia sensors reported in the literature. Grating based PDDA/TSPP 0.67 ppm (LoD) - [30] In our previous work, we have demonstrated an intrinsic fiber-optic gas sensor with an alternate film of poly(diallyldimethylammonium chloride) (PDDA) and tetrakis(4-sulfophenyl)porphine (TSPP) [31] . The exposure of the nanoassembled film to ammonia induced unique optical changes in the transmission spectrum of the optical fiber, reflecting the characteristic absorption bands (Soret and Q bands) of the assembled TSPP compound.
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In this study, the influence on sensor performance of film thickness, the length of sensing area and the penetration depth of evanescent wave are examined in more detail. In addition, the effects of RH, one of the major interference factors in real-life measurements, was thoroughly studied. The sensor's response to ammonia of various concentrations was measured at different RH levels and the results have been statistically analysed via principal component analysis (PCA).
Experimental

Materials
TSPP (Mw: 934.99) and sodium hydroxide (NaOH) were purchased from Tokyo Kasei (Tokyo, Japan). PDDA (Mw: 200000-350000, 20 wt% in H2O) was purchased from Sigma-Aldrich (St. Louis, USA). The TSPP and PDDA chemical structures are shown in Fig. 1 . A HCS200 multimode optical fiber, with a silica core and a plastic cladding of diameters 200 m and 400 m, respectively, was purchased from Ocean Optics (Largo, USA). Standard ammonia gas of concentration 100 ppm in dry air was purchased in cylinder from Japan Air Gases (Kitakyushu, Japan). Pyridine and toluene, used as additional analyte gases, were purchased from Wako Pure Chemical Industries (Osaka, Japan). All of these chemicals were of analytical grade, and they were used without further purification. Deionized pure water (18.3 MΩ•cm) was obtained by reverse osmosis followed by ion exchange and filtration using a Direct-QTM (EMD Millipore, Billerica, USA). 
Optical fiber preparation
The details of the electrostatic LbL technique employed for the deposition of a porphyrin nanoassembled thin-film onto an optical fiber are described elsewhere [30, 31] . Briefly, prior to film deposition, a short section of the plastic cladding was burned off the fiber. The exposed section of the silica core was rinsed in ethanol and deionized water for several times and treated with 1 wt% of ethanolic KOH (ethanol/water = 3 : 2, v/v) for 20 min to functionalize the surface of the silica core with OH groups. The fiber core was then rinsed with deionized water and dried by flushing with nitrogen gas. Thin-films were prepared by alternately immersing the fibre PDDA (0.5 wt% in water, pH 7.8) and TSPP (1 mM in water, pH 4.6) for 15 min each, thereby producing a PDDA/TSPP bilayer. This was achieved by introducing a of water washing and drying by flushing with nitrogen gas being undertaken, as illustrated in Fig. 1 indicates the number of deposition cycles. To check the effect of the film thickness, 5-, 10-, and 15-cycle films were deposited on the activated core of the optical fiber and in every case the outermost surface of the alternate film was TSPP.
One end of the optical fiber was connected to a deuterium-halogen light source (DH-2000-Ball, Mikropack), while the other end was connected to a spectrometer (S1024DW, Ocean Optics) to monitor the assembly process. The absorbance was determined by taking the logarithm of the ratio of the transmission spectrum of the coated fiber, T( to the transmission spectrum measured prior to film deposition
Optical measurement set-up
Desired gas concentrations were produced using a two-arm flow system, as shown in Fig. 2 . A specially designed Teflon chamber was used to allow the sensor to be exposed to varying analyte concentrations [31] . The stripped section of the optical fiber, coated with the functional film, was inserted inside the chamber and connected to the light source and spectrometer. The final ammonia concentration (volume fraction) c in the measurement chamber was calculated using the following formula:
where z is the original concentration of ammonia in cylinder, and L1 and L2 are the flow rates of the dry air and ammonia gas, respectively. L (where L = L1 + L2) was kept constant at 1 L/min and the final ammonia concentration was adjusted by varying L1 and L2. For ammonia measurements at different RH levels, the dry compressed air was passed through a humidifier, as shown in 
where I0 and I describe the light intensity of the TSPP film in the absence and presence of an analyte gas, respectively, measured at the same wavelength (at or near peaks of the difference spectrum). As demonstrated in our previous work, TSPP has two distinct types of aggregates ( J-and H-), together with monomers in the nano-assembled film. The relative abundances of these structures change as the degree to which the TSPP is protonated or deprotonated changes [32] [33] [34] [35] . The assembly of the PDDA and TSPP layers after each deposition cycle was measured by monitoring optical changes in the transmission spectra of the optical fiber. The transmission spectra of the optical fiber recorded during the deposition of a 15-cycle PDDA/TSPP thin film are shown in Fig. 3a and b when the outermost layer was PDDA and TSPP, respectively. Fig.   3c shows intensity changes in the transmission spectra of the 15-cycle PDDA/TSPP film with an outermost layer of TSPP, which were monitored at wavelengths 420, 470, 490, 706 nm, versus the number of deposition cycles. It is confirmed that after ten deposition cycles, all transmission peaks become less pronounced and further deposition does not bring significant changes in the intensity. In particular, when the length of the stripped silica core was increased to of 3 cm, this phenomenon becomes more apparent (Fig. S1 ), which may be a result of the longer interaction length between the evanescent wave and the PDDA/TSPP film. The 3 cm-striped optical fiber shows faster saturation in absorbance as compared with the 1 cm-striped one, which is attributed to the characteristics of evanescent wave spectroscopy which is the measurement principle upon which the operation of the sensor is based. The intensity of the evanescent wave decays exponentially with the increase of the distance from the surface of the fiber core. In addition, the strong absorption of light by the TSSP in the sensor film is a significant factor in decreasing the effective penetration depth of the evanescent wave. Most plausibly the changes in the transmission spectra of the optical fiber shown in figure 3 are related to the TSPP aggregation structures in the film and their corresponding optical properties. To examine this in more detail, the UV-vis absorption spectra of the alternate PDDA and TSPP layers deposited on a quartz plate were used to characterize the TSPP assemblies in the film. The evolution of the UV-vis absorption spectra during the deposition of a PDDA/TSPP thin film onto a quartz plate over five deposition cycles is shown in Fig. 3d . The absorption spectra for the individual layers with an outermost layer of TSPP were characterized by a double peak in the Soret band at 429 and 485 nm and by a pronounced Q band peak at around 700 nm. However, when the film had an outermost layer of PDDA there was a single peak in the Soret band at 410 nm (inset of Fig. 3d ).
Results and Discussion
Optimization of coating parameters
In general, the aggregation state of TSPP and its spectral features are controlled by the protonation/deprotonation of the porphyrin pyrrole ring [32] [33] [34] [35] . It is well known that the specific Soret bands of TSPP can be identified by four different arrangements; free-base, H-aggregate, diacid, and J-aggregate with corresponding absorption bands centres at 413, 423, 434, and 491 nm, respectively [36] [37] [38] [39] [40] . Therefore, the spectral features of the film at 429, 485, and 700 nm, which are red-shifted compared with those in the monomeric free-base and diacid states, suggest that the TSPP molecules in the film are preferentially present in the J-aggregate state along with a small amount of H-aggregates.
Penetration depth calculation
The penetration depth for the given measurement set-up was calculated to check the optimal thickness of the sensitive layer. As the number of the PDDA and TSPP layers increases the absorbance reaches saturation. However, a linear increase of the absorbance is observed when the essentially same PDDA/TSPP film is assembled on a quartz substrate to a thickness of 15 bilayers [32, 41] . This difference between the films deposited onto the quartz substrate and the optical fiber could be related to the penetration depth of the evanescent wave, which is changed significantly when absorbing films are deposited on the optical fiber.
To calculate the effect of the film optical thickness on the sensor performance, the penetration depth of the evanescent wave was estimated. For this purpose, the absorbance of the film was taken into account. The evanescent wave is an electric field that extends from the surface of the fiber core into the lower index surrounding medium and decays exponentially with distance from the surface, generally over a distance from hundred to several hundred nanometres. For 12 multimode waveguides, the penetration depth dp is defined as the distance from the surface at which the strength of the evanescent wave decays for 1/e of its value and is approximately given by:
where nc and nsm are refractive indices of the optical fiber and surrounding medium, respectively, and  is the angle of incidence. In our case, the thin film deposited on fiber core is a strongly absorbing material and the imaginary component of nsm should be taken into account [42] . The intensity of the evanescent wave can be written as (5):
where I is the intensity of the wave at a distance x from the surface of the core, I0 is the intensity at the core surface and  is an absolute extinction coefficient of the deposited film. The penetration wave in this case will be given by (6):
where the absolute extinction coefficient () is obtained from the absorption spectra of the PDDA/TSPP film (Fig. 3d) and the film thickness df = 30 nm [32] .
The dependence of the penetration depth on wavelength is shown in Fig. 4a , which was determined using the following parameters: nc = 1.48 and nf = 1.42 [43] for the refractive indices of the core and deposited film, respectively;  = 90º, which was chosen since at this value the penetration depth for the light propagating along the multimode fiber is minimal; and () extinction coefficient, which was calculated from the experimentally measured absorption spectrum of the (PDDA/TSPP)10 film deposited onto the quartz slide. Fig. 4b shows the dependence of the evanescent wave attenuation upon the distance from the core interface for the 1-and 10-cycle PDDA/TSPP films. The penetration depths at 420 and 706 nm are estimated to be 34 and 50 nm for the 13 1-cycle film and 30 and 33 nm for the 10-cycle film, respectively. Based on these calculations, we can conclude that optimal film thickness in our case was ca. 30 nm and this thickness induced optimal interaction with the evanescent wave.
(a) (b) 
Optical response to ammonia
Spectral changes (obtained by subtracting a transmission spectrum measured at a given ammonia concentration from that measured in air) induced by the presence of ammonia on the 10-cycle PDDA/TSPP film are shown in Fig. 5a . Similar to the previously reported 5-cycle PDDA/TSPP film [31], as the ammonia concentration increased from 0 ppm up to 40 ppm, the intensity of the obtained spectra increased at 706 nm, while at 250-400 nm, 470 nm and 658 nm it decreased. These spectral changes in the transmission spectra can be ascribed to the distortion of the J-aggregates of TSPP upon the adsorption of the ammonia gas. In particular, the spectral characteristics at 470 and 658 nm suggest that the TSPP molecules in the J-aggregation state are returned to the protonated mono-and di-acidic forms due to the film exposure to ammonia. Upon exposure of the (PDDA/TSPP)10 film to ammonia, the most noticeable change in intensity was observed at 706 nm.
Moreover, as predicted from the above penetration depth calculations, the 10-cycle TSPP-1 (420 nm) dp =34nm 3 TSPP-10 (706 nm) dp =33nm 4 TSPP-10 (420 nm) dp =30nm The response and recovery times of the fiber sensors are summarized in Table 1 .
In the case of the (PDDA/TSPP)10 film, the values are within 2.1 min and 3.9 min, respectively ( Fig. 6a , Table 1 ). The calibration curves were plotted from the recorded spectra at given ammonia concentrations. The fiber sensors show linear responses to ammonia with sensitivities of 0.50 ± 0.07, 1.70 ± 0.28, and 0.90 ± 0.09%/ppm for the 5-, 10-, and 15-cycle PDDA/TSPP films, respectively (Fig. 6b) .
The corresponding limits of detection (LODs), defined using a 3 method (Fig. 6b) , were estimated to be 3.0, 0.4 and 1.4 ppm for 5-, 10-, and 15-cycle PDDA/TSPP films, respectively ( Table 1) .
The sensitivity appears to depend on the thickness of the coating; the 10-cycle (Fig. 4a and b) , from which the efficient interaction between the evanescent wave and the 10-cycle PDDA/TSPP film was found to be ca. 30 nm.
(a) (b) a Slope calculated from the calibration curve (Fig. 6b, at 706 nm) . b Determined as an interval needed for the signal to achieve 90% of its saturated condition when measured for ammonia at a concentration of 10 ppm.. d Defined using a 3σ method, where σ is the standard deviation (0.05).
Therefore, an excessive increase in the film thickness will cause inefficient interaction between the evanescent wave and the TSPP molecules. Interestingly, this problem is not observed when the same films were assembled on quartz substrates [32, 41] . The highest sensitivity was observed in the 15-cycle film, which Nevertheless, the sensitivity of the fiber-optic sensor modified with a 10-cycle PDDA/TSPP film is ca. 20 times higher than that of the 15-cycle PDDA/TSPP film deposited on the quartz substrate [32] , which is a result of the characteristics of the evanescent wave fiber-optic sensor.
Influence of humidity on the sensor response
For practical application of the prepared fiber sensors, RH is one of the most important interfering parameters, and thus the influence of RH on the sensor performance was investigated. Fig. 7a shows RH-induced difference spectra of the (PDDA/TSPP)10 film-coated optical fiber, which were obtained by subtracting the transmission spectrum measured at 7% RH (dry air) from the transmission spectra measured at different RH levels (20%, 30%, 50%, 70%, and 80%). In contrast to the response to ammonia, when the RH was changed the transmission of the fiber sensor was influenced over the entire spectral range. These optical changes in the transmission spectra may be attributed to the increased light scattering when a certain amount of water vapor is adsorbed on the sensitive coating. In addition, the assembled PDDA and TSPP film can swell as the humidity increases, leading to an increase of the optical thickness, which results in a decrease in the intensity in the transmission spectrum.
It should be noted that the baseline used for the intensity difference calculation was the transmission spectrum obtained at 7% RH. The dynamic change in the intensity measured at 706 nm is shown in Fig. 7b , where the carrier gas was changed from dry air (7% RH) to the humidified air with RH values of 20%, 30%, 50%, 70%, and 80%. The intensity decreased rapidly in a wide spectral range when the RH was changed from 7% to 20% and from 20% to 30%; however, the response to humidity is almost saturated at a RH over 30% RH, indicating the stability of the optical parameters of the device in the wide range of RH between 30%-80%. The initial intensity decrease observed for RH in the range 7% to 30% may be attributed to structural changes (e.g., film swelling, TSPP aggregation) in the film. Usually, indoor humidity levels are maintained in the RH range from 30% to 80%. This therefore allows the current fiber sensor to be utilized in real environments.
(a) (b) The data logger and optical fibre sensor were not synchronised to the same clock, which caused the small delay between the measurements (less than 2-3 sec)
in Figure 7 (b). The sensor's response to humidity was 0.006%/rH% in the range of humidity from 30 to 80%, 0.08%/ rH% when humidity changed from 10 to 20% and 0.03% when humidity changed from 80 to 10%. Figure 7 (b).
The influence of RH on the sensitivity to ammonia is shown in Fig. 8 . Different spectral features were observed when the (PDDA/TSPP)10 film was exposed to 5 ppm ammonia at different RH levels, as shown in Fig. 8 . An increase in RH led to an increase in the ammonia-induced intensity change at 706 nm along with a diminishing intensity change at shorter wavelengths (Fig. 8a) . Most plausibly, the increase of the sensitivity to ammonia at higher humidity levels is a result of the increased solubility of ammonia into the film.
The stability of the sensor response was tested by repeated short-time (< 30 s) exposure of the (PDDA/TSPP)10 film to 30 ppm ammonia (Fig. 9a) . A similar study had shown that short-time exposure to the analyte gas results in high stability and fast recovery of the sensor response [44] . The sensor response to even relatively high ammonia concentration (30 ppm) was fully reversible and repeatable over the whole spectral range, which could be achieved by flushing the (PDDA/TSPP)10 film with pure air; however, the observed intensity change, ca. 10 mV, was lower when compared with the response obtained by longer time exposure of the film at the same concentration of ammonia (ca. 40 mV).
(a) (b) Th fast and reversible response and recovery of the PDDA/TSPP alternate film-modified fiber sensors can be explained by the structural reversibility of the J-aggregates of TSPP. Initially, most of the TSPP molecules are present in the J-aggregation state in the film. Exposure of the film to the ammonia gas will lead to the deprotonation of the TSPP molecules. Consequently, this distorts and dilutes the J-aggregates, eventually being returned to the monomeric state when the concentration of ammonia is very high (e.g. over 500 ppm) [31] . However, the TSPP molecules in the J-aggregate state can be changed from the di-acidic form to mono-acidic form by ammonia-induced deprotonation at concentrations of ammonia less than 100 ppm, as schematically shown in Fig. 9b . This structural change of the TSPP is clearly confirmed from the spectral features at 470, 658, and 706 nm in Fig. 9a . Therefore, we can conclude that the current fiber sensor system enables a detailed analysis of the mechanism of ammonia gas sensing. 
PCA analysis
As was demonstrated above, the 10-cycle PDDA/TSPP film-modified fiber-optic sensor is sensitive to both humidity and ammonia and it is not a trivial task to discriminate the influence of humidity on the sensor response to ammonia. For the purpose of qualitative data description, the obtained results were analyzed using a simple statistical data treatment approach, PCA (Statistical EXCEL add-in, V. 5.05
by Esumi Co. Ltd.) by reducing the multi-dimensionality of the obtained data. The sensor response measured at four wavelengths (356, 470, 658, and 706 nm), at which the biggest intensity changes were observed, were manually chosen as PCA variables from the difference spectra induced by both humidity and ammonia.
These selections were sufficient to obtain good separation between qualitatively different samples. The PCA results are shown in Fig. 10a , with a 96.5% cumulative proportion of PC1 and PC2. As can be noted, the largest part of data is reduced to the first principal component, PC1 (74.4%), while the second principal component, PC2 (22.1%), comprises a lower amount of information of the total variability. From the loading plot (Fig. 10b) , we can conclude that two wavelengths at 470 and 706 nm contribute significantly to the determination of the ammonia concentration at higher humidity levels.
(a) (b) In addition, different analytes (toluene and pyridine) were tested to confirm the selectivity of the sensor. There was no measurable change in the optical transmission spectrum when the (PDDA/TSPP)10 film was exposed to toluene and pyridine (100 ppm each, data not shown), indicating the high selectivity of the sensor's response to ammonia.
Conclusions
Parameters for fiber-optic chemical sensor development were investigated and optimized for sensitive and selective ammonia gas detection. The optimal sensor performance was achieved with a 10-cycle (PDDA/TSPP)-coated optical fiber with a film thickness of ca. 30 nm that is in a good agreement with the estimated penetration depth of the evanescent wave for the given sensor configuration. The 10-cycle deposited sensor showed a linear sensitivity in the presence of ammonia with a limit of detection of 0.4 ppm in the concentration range of 0.5-50 ppm and its response/recovery times were less than 3 min under optimal conditions. The optical parameters of the device were stable in the wide range of RH between 30%-80%.
Moreover, the sensitivity towards ammonia could be improved at higher RH levels, which suggests that the current fiber sensor can be used in the real environments.
The demonstrated sensor offers an opportunity for the detection of ammonia in breath at high humidity levels. Furthermore, the current study provides a methodology for sensor architecture that is capable of expanding the range of analytes to be detected by using different types of coating materials. Our future work will be focused on improvement of the current sensor system to selectively discriminate ammonia and other chemicals co-present in human breath, which would be of importance in non-invasive medical diagnosis.
